While recent years have seen much progress in the elucidation of the mechanisms underlying the bioluminescence of fireflies, there is to date no consensus on the precise contributions to the light emission from the different possible forms of the chemiexcited oxyluciferin (OxyLH2) cofactor. Here, this problem is investigated by the calculation of excited-state equilibrium constants in aqueous solution for keto-enol and acid-base reactions connecting six neutral, mono-anionic and di-anionic forms of OxyLH2.
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Aqueous keto-enol and acid-base excited-state equilibrium constants between six neutral, mono-anionic and di-anionic forms of oxyluciferin, the cofactor responsible for the bioluminescence of firefly luciferase, are for the first time calculated from free energies of a Born-Haber cycle, rather than using the Förster equation. Thereby, it is found that the phenolate-keto-OxyLH -mono-anion is the preferred excited-state form of oxyluciferin in aqueous solution, attributing a potential key role to this species in the bioluminescence of fireflies. 
Introduction
Bioluminescence is the process by which living organisms produce cold light through chemical reactions. This phenomenon has been observed in a wide range of different phyla, and is used by the organisms primarily for communication purposes. [1] [2] [3] [4] [5] Since the quantum yields of these processes enable light-based detection of molecules at low concentrations, [6] bioluminescent reaction systems are also used in bioanalytical applications for monitoring gene expression, protein localization and protein-protein interactions. [7] [8] [9] One bioluminescent reaction system with a particularly high quantum yield is that of fireflies, [10] which has been the topic of many recent experimental and theoretical studies. [11] [12] [13] [14] [15] [16] [17] [18] [19] However, despite that much progress has been made in the elucidation of the mechanisms underlying the light emission of fireflies, [11] [12] [13] [14] [15] [16] [17] [18] [19] many details of the luciferase-catalyzed formation of the chemiexcited (S1, first excited singlet state) oxyluciferin emitter (OxyLH2) from D-luciferin (LH2, a ground-state species), are yet to be resolved. As shown in Figure 1 and described in detail elsewhere, [20, 21] this conversion is initiated by adenylation of LH2 with ATP-Mg 2+ , which forms D-luciferyladenylate (LH2-AMP). Thereafter, a dioxetanone (Diox) intermediate is generated by the oxidation of LH2-AMP with O2, followed by removal of the AMP group. Finally, Diox decomposes and the chemiexcited, visible-light-emitting OxyLH2 product is formed alongside CO2.
While Figure 1 depicts OxyLH2 in its keto form, there are (in aqueous solution) a number of co-existing and spectrally overlapping OxyLH2 forms, shown in Figure 2 , that may contribute to the in vivo emission. [18, 22, 23] In acidic aqueous solutions, the neutral keto (keto-OxyLH2) and enol (enol-OxyLH2) tautomers are the dominant forms. [18] However, upon increasing the pH, deprotonation of the hydroxyl group of keto-OxyLH2 comes into play, which yields the phenolate-keto-OxyLH -mono-anion, as does deprotonation of either or both hydroxyl groups of enol-OxyLH2. Deprotonation of the enolic hydroxyl group of this species produces the enolate-OxyLH -mono-anion, whereas deprotonation of the phenolic hydroxyl group produces the phenolate-enol-OxyLHmono-anion (that exists in a tautomeric equilibrium with the phenolate-keto-OxyLH -mono-anion). Deprotonation of both hydroxyl groups of enol-OxyLH2, in turn, yields the OxyL 2-di-anion prevalent in basic aqueous solutions. [18] To date, there is no consensus on the precise contributions to the in vivo emission from the different forms of OxyLH2. Although there are both experimental and computational data available favoring the view that the light emitter emanates from the enzymatic reaction in the neutral keto-OxyLH2 form, [16] a quantum chemical study by
Lindh and co-workers [24] found that only anionic species emit in the 530-640 nm range where the experimental emission occurs. [25] Furthermore, while both computational [12, 24, 26] and spectroscopic [27] [28] [29] studies have proposed that the in vivo emission originates primarily from the phenolate-keto-OxyLH -mono-anion, Naumov and co-workers [14] have recently studied an OxyLH2 analogue (HOxyLH) in solution, and recorded time-resolved emission spectra favoring either of the enolate forms (enolateOxyLH -or OxyL 2-). This result supports earlier spectroscopic work on O-methylated ether derivatives. [30] One approach to help deducing the most probable form of the chemiexcited OxyLH2 light emitter is to measure or calculate the ground and/or excited-state equilibrium constants for the keto-enol and acid-base reactions connecting the various species of Figure 2 in solution. While it is clear that the protein environment surrounding OxyLH2 in firefly luciferase is different from, e.g., an aqueous solution, such data reveal the intrinsic tendency of OxyLH2 to prefer a particular tautomeric form and a particular protonation state, and have been reported in a number of studies. [18, 22, 23, [31] [32] [33] [34] [35] For example, ground-state pKa measurements in water have shown that the enolic hydroxyl group of enol-OxyLH2 is more acidic than the phenolic hydroxyl group, [18] which may indicate that the enolate-OxyLH -mono-anion is a likelier emitter than the phenolate-enolOxyLH -mono-anion. However, it is important to point out that OxyLH2 is more acidic in the excited state than in the ground state (i.e., OxyLH2 is a photoacid), [34] and that the equilibrium constants between the various forms therefore may be substantially different in the two states.
The short lifetime (~1-10 ns) [23] of the S1 state makes it difficult to measure the excited-state equilibrium constants of OxyLH2 as accurately as the corresponding ground-state values. In this light, computational methods [36] [37] [38] [39] [40] [41] offer an alternative approach to available experimental techniques, which typically employ a Förster-type analysis [42, 43] of differences in absorption and/or fluorescence energies between, e.g., the acid and its conjugate base. This type of analysis can also form the basis for the calculation of excited-state equilibrium constants, and has indeed been used for the OxyLH2 system in detailed studies considering vertical excitation energies in solvents with different dielectric constants. [32, 33] Inherent in such an approach is the neglect of geometric relaxation effects and the assumption that entropic contributions to the ketoenol and acid-base reactivity are identical in the ground state and the excited state.
However, it is not uncommon for photoacids to exhibit excited-state potential energy surfaces that are qualitatively different from their ground-state counterparts. This may lead to poor agreement between the equilibrium constants predicted by the Förster equation and those derived in a more rigorous fashion by explicit computation of excitedstate free energies of a Born-Haber (BH) cycle. [44, 45] Another potential source of concern in the way excited-state equilibrium constants have been calculated in previous studies of the OxyLH2 system [32, 33] is the omission of explicit solvent molecules in the modeling of solute-solvent interactions, whereby especially hydrogen bonding can be poorly described. Indeed, several benchmarks exploring the methodological requirements for reliable estimation of equilibrium constants of organic molecules have highlighted the importance of explicit solvation. [46] [47] [48] [49] [50] As a contribution to current efforts to determine the most probable chemical form of the light emitter of firefly, [12, 14, 15, 18, 24] this work reports excited-state keto-enol and acid-base equilibrium constants for OxyLH2 in aqueous solution calculated from a BH cycle rather than from the Förster equation, using a hybrid cluster-continuum approach [46] [47] [48] [49] [50] to model solute-solvent interactions both implicitly and explicitly. 
Computational Details General
Ground and excited-state equilibrium constants for the keto-enol (KE) and acid-base (Ka) reactions of Figure 2 were determined in aqueous solution at 25°C based on density functional theory (DFT) calculations carried out with the GAUSSIAN 09 program. [51] Throughout this work, these constants are expressed in terms of their negative logarithms pKE and pKa, respectively.
Model systems
The calculations on the various OxyLH2 species considered the stereoisomeric forms shown in Figure 2 . As an aside, these are also relevant for the protein-bound state. [13, 52] However, since a number of other stereoisomers are likely to be accessible at 25°C, the propriety of this single-stereoisomer strategy was assessed in a series of benchmark calculations invoking Boltzmann averaging over all possible stereoisomers. Investigating all reactions of Figure 2 and using a number of different levels of theory (as further detailed below), but focusing exclusively on ground-state pKE and pKa values, these benchmark calculations found that the single-stereoisomer pK values differ from the Boltzmann-averaged ones by a few tenths of a pK unit only. Thus, for the purpose of the present study, Boltzmann averaging over several stereoisomers does not seem necessary.
Solute-solvent interactions were modeled by means of a hybrid cluster-continuum approach. [46] [47] [48] [49] [50] Thereby, bulk electrostatic solvent effects were treated with the solvation model density (SMD) [53] method, with the water dielectric constant () set to 78.4, whereas specific interactions such as hydrogen bonds were simulated by including explicit water molecules in the calculations. The same number of water molecules (11, as further motivated below) was consistently used for all keto-enol and acid-base equilibria under study. Placing water molecules in proximity to each of the two solute oxygen atoms, starting models of the various OxyLH2-water clusters were derived from previous computational studies of phenol-water, phenolate-water and hydroxide-water clusters. [54] [55] [56] One such starting model is shown in Figure 3 . 
Calculation of pK values
where G° is the reaction free energy. For each species, the free energy in aqueous solution was determined as the sum of the gas-phase free energy and the solvation free energy. Assuming ideal-gas behavior and employing the harmonic approximation, the gas-phase free energy was calculated as the sum of the electronic energy and the thermal free energy (obtained from a frequency calculation) at the gas-phase geometry. Using the SMD continuum solvation model, [53] the solvation free energy, in turn, was calculated at the solution-phase geometry as the difference in electronic energy in aqueous solution and the electronic energy in the gas phase.
As for the estimate of the proton's Gibbs free energy needed for the pKa calculations, a value of -272.2 kcal mol -1 was inferred from standard values in the literature of the proton's gas-phase (-6.28 kcal mol -1 ) and solvation (-265.9 kcal mol -1 ) free energies. [57, 58] In addition to determining absolute excited-state pK values from a BH cycle, we also calculated ∆pK(S1) values probing the difference in excited-state and ground-state equilibrium constants using the Förster equation [42] p
In its simplest incarnation, this equation considers vertical electronic transition energies ∆E between the two states in aqueous solution, and then expresses ∆pK(S1) in terms of the difference ∆∆E between the vertical transition energy of the product (enol/base) and the vertical transition energy of the reactant (ketone/acid). Thereby, geometric relaxation effects and entropic contributions are neglected. Here, five different Förster protocols were employed. In the first and second, vertical excitation energies based on optimized ground-state geometries and vertical emission energies based on optimized excited-state geometries were calculated to yield ∆pK(S1) values denoted ∆pK F,exc (S1) and ∆pK F,emi (S1),
respectively. In the third, the average of these two values [denoted ∆pK F,exc+emi (S1)] was considered. In the fourth, adiabatic excitation energies obtained as energy differences between excited states and ground states at their respective equilibrium geometries formed the basis for the calculation of ∆pK(S1) values denoted ∆pK F,adia (S1). In the fifth and final protocol, adiabatic excitation energies including zero-point vibrational energy (ZPVE) corrections to each state were calculated to yield ∆pK(S1) values denoted ∆pK F,0-0 (S1).
Electronic structure level of theory
Ground and excited-state species were treated with DFT and time-dependent DFT (TD-DFT), [59] [60] [61] [62] [63] [64] respectively. Six global hybrid or long-range-corrected hybrid functionals including B3LYP, [65] [66] [67] M06 [68] (global hybrids), LC-BLYP, [69] CAM-B3LYP, [70] ωB97X [71] and ωB97X-D [72] (long-range-corrected hybrids) were employed. While global hybrids contain a fixed fraction of exact Hartree-Fock (HF) exchange, long-rangecorrected hybrids allow the fraction of exact exchange to vary with the interelectronic distance (larger at long range), which typically offers a better description of chargetransfer states. In addition to DFT and TD-DFT calculations, supplementary calculations were for comparative purposes also performed using HF theory for ground states and the configuration interaction singles (CIS) method for excited states.
All ground and excited-state geometry optimizations were carried out in the gas phase or in aqueous solution using analytic DFT and TD-DFT gradients, [73] [74] [75] [76] [77] respectively. To ascertain that optimized geometries correspond to potential energy minima and to calculate ZPVE corrections and thermal free energies, frequency calculations were performed at the same levels of theory as the preceding geometry optimizations. While the DFT and HF frequency calculations were executed with analytic Hessians, the TD-DFT frequency calculations were carried out numerically using finite differences. [78, 79] The latter were the most resource-demanding calculations of this work, requiring up to 330 distorted geometries to be considered for each potential energy minimum. The CIS frequency calculations, finally, were done with analytic Hessians in the gas phase, but numerically in aqueous solution.
As for basis sets, all geometry optimizations, frequency calculations and singlepoint calculations (of vertical transition energies) were done with the 6-31+G(d,p) double-ζ basis set, which includes diffuse functions for second-row atoms. To assess the magnitude of basis-set effects, singlepoint calculations were in a number of cases also performed with the larger aug-cc-pVTZ triple-ζ basis set.
The excited-state singlepoint calculations with the SMD continuum solvation model [53] were carried out with so-called non-equilibrium solvation, whereby only the electronic ("fast") degrees of freedom of the solvent have time to respond to the change in electronic state of the solute. The corresponding excited-state geometry optimizations and frequency calculations, on the other hand, were carried out in the equilibrium regime, with relaxation also of the solvent nuclear ("slow") degrees of freedom.
Finally, it should be noted that a potentially weak point in calculating pK values from Eq. 1 by exclusively considering water-solvated OxyLH2 complexes at their ground and excited-state potential energy minima is the assumption that frequency calculations
give accurate free energies in this context. However, this assumption is complicated by the fact that the water molecules attached to OxyLH2 are labile, and as such will make an entropy contribution to the free energy that would be better dealt with using free-energy perturbation techniques and molecular dynamics simulations. [80] Unfortunately, at present, such calculations are not really feasible for excited-state problems.
Results and Discussion

Benchmark calculations on phenol
In order to identify a suitable way of modeling the OxyLH2 system with respect to explicit solvation and quantum chemical level of theory, we will first discuss the results of a series of benchmark calculations on phenol, which is a prototypical photoacid. [43, 81] Furthermore, phenol is also an appropriate benchmark molecule in that many of the acidbase reactions of OxyLH2 involve a phenol/phenolate moiety.
Starting with explicit solvation, the importance of which has been raised in a number of previous studies dealing with the calculation of pKa values of organic molecules, [46] [47] [48] [49] [50] it is first and foremost of interest to explore how many water molecules are needed to obtain stable estimates of the ground and excited-state pKa values of phenol.
To this end, these values were calculated for a varying number of water molecules, as shown in Figure 4 (ωB97X-D results) and Figures S1-S4 (other functionals) of the more acidic than the ground state. [43] To allow for a balanced comparison with this reference value, Table 1 We also performed complementary calculations addressing the difference in acidity between the ground and excited states of phenol in further detail. However, rather than using the experimental ∆pKa F,exc+emi (S1) value of -6.00 as reference, we tested how well the current methodology reproduces the experimental ∆pKa F,exc (S1) and ∆pKa F,emi (S1)
values that can also be extracted (through alternative Förster protocols) from the absorption and fluorescence data of Wehry and Rogers. [43] These calculations are summarized in Table 2 , and focus on the performance of the three methods -B3LYP, ωB97X and ωB97X-D -that yielded the most accurate estimates of pKa BH (S0) and ∆pKa F,exc+emi (S1). The corresponding M06, LC-BLYP, CAM-B3LYP and HF/CIS results are collected in Table S1 of the SI. For the sake of completeness, Table 2 also includes calculated ∆pKa F,adia (S1) and ∆pKa F,0-0 (S1) Förster and ∆pKa BH (S1) BH values, albeit that these lack experimental counterparts.
Encouragingly, it is observed from Table 2 that the B3LYP, ωB97X and ωB97X-D estimates of ∆pKa F,exc (S1) and ∆pKa F,emi (S1) are just as accurate as the corresponding estimates of ∆pKa F,exc+emi (S1), with errors relative to experimental values that throughout (but somewhat fortuitously) are smaller than 1.7 pK units. As far as this test is concerned, then, it is difficult to distinguish which of these functionals is the preferred choice of methodology for the OxyLH2 system. Nonetheless, it was decided to perform the OxyLH2 calculations using ωB97X-D, which includes dispersion [72] and is better able to describe long-range charge-transfer effects. [82] Finally, it is also of interest to compare the ∆pKa(S1 
Assessment of the Förster approach for OxyLH2
Having assessed the adequacy of the Förster approach for phenol, we next proceed to explore how well it applies to the OxyLH2 system. This was done using computational models including 11 explicit water molecules. The reason for including 11 waters is that, based on the benchmark calculations on phenol, it seems necessary to solvate OxyLH2 with at least ten waters (five per oxygen atom) to ensure that calculated equilibrium constants are sufficiently converged. Besides these ten waters, added to the respective OxyLH2 species as described in the Computational Details section, each cluster was further stabilized by the introduction of an additional water molecule linking the nitrogen atom of the thiazole/thiazolone ring with the neighboring water network.
Using these computational models, ∆pKE(S1) and ∆pKa(S1) values for all equilibria in Figure 2 were calculated with all five of the previously defined Förster protocols, and were then compared with the corresponding values calculated with the BH approach. This comparison is presented in pK units smaller for one particular equilibrium constant, to being 1.4 pK units larger for
another. As for singling out one specific equilibrium constant for which the Förster values are consistently different from the BH value, it is found (see Table S2 of the SI) that all five protocols yield a ∆pKE(S1) for the keto-OxyLH2 ⇌ enol-OxyLH2 reaction that is 2.0-3.1 pK units smaller than the BH estimate.
Overall, then, while the Förster approach was found to perform quite well for phenol, the situation is somewhat different for OxyLH2. Indeed, the data in Table 3 indicate that this approach can potentially introduce errors by which our goal to rather use BH-derived equilibrium constants to identify the preferred form of OxyLH2 in aqueous solution seems worthwhile. The reason why the Förster approach works better for phenol than for OxyLH2 relates, we believe, to two factors. First, as will be discussed in further detail below, the inter-ring carbon-carbon bond is for most OxyLH2 forms shortened quite appreciably in the excited state. Since phenol harbors no bond with a similar feature, this molecule should be less sensitive than OxyLH2 to the fact that most of the Förster protocols considered neglect geometric relaxation effects. Second, considering that it seems reasonable to assume that a shortening of the inter-ring bond of OxyLH2 in the excited state decreases the entropy (by virtue of reducing the molecular flexibility), phenol also appears less sensitive than OxyLH2 to the assumption in all Förster protocols that entropic effects are identical in the ground state and the excited state.
Validation of the computational approach for OxyLH2
Before exploring what insights into the excited-state equilibria of OxyLH2 that calculated pKE BH (S1) and pKa BH (S1) values can offer, it is pertinent to validate our computational approach relative to relevant experimental data. In the absence of thermodynamically derived excited-state pK values of OxyLH2 in the experimental literature, an alternative set of reference data can be found in the study by Rebarz et al., [18] who reported absorption shifts in aqueous solution between all species implicated in the keto-enol and acid-base equilibria. From Table 4 , it is observed that the corresponding differences in vertical S0 → S1 excitation energies that our computational approach predicts are throughout very similar to their experimental counterparts. Indeed, the calculated and experimental absorption shifts agree to within 0.05 eV for the keto-enol reactions and to within 0.12 eV or better for the acid-base reactions. This finding indicates that ωB97X-D/6-31+G(d,p) calculations on OxyLH2 models including 11 water molecules are able to reliably describe the excited-state equilibria of OxyLH2.
A further possibility for validation is provided by a few thermodynamically derived ground-state pK values of OxyLH2 that, contrasting with the lack of such data for the excited state, are available in the experimental literature. [18] Clearly, it is of interest to test how well our calculations can reproduce these values. The results of this test are summarized in Table 5 . Re-emphasizing the potential role played by cancellation of errors, it can be seen that the calculated values are very close to the experimental ones for two out of three equilibria. Specifically, the discrepancies are smaller than 1 pK unit for the keto-OxyLH2 ⇌ enol-OxyLH2 and enolate-OxyLH -⇌ OxyL 2-equilibria, but larger (~3.4 pK units) for the enol-OxyLH2 ⇌ enolate-OxyLH -equilibrium. Notwithstanding these results, it should be noted that the calculated pKE value for the tautomerization of keto-OxyLH2 into enol-OxyLH2 is of opposite sign (0.48) to the experimental value, which is of such magnitude (-0.39) that, for the type of calculations here performed, it is a considerable challenge to even reproduce it with qualitative accuracy.
Further, it is possible that the calculated pKa value of 4.77 for the keto-OxyLH2 ⇌ phenolate-keto-OxyLH -equilibrium is somewhat off the mark, because experiments have shown that OxyLH2 is only deprotonated at pH 7 or higher. [18, 34] On the other hand, this experimental value includes contributions from all three acid-base equilibria of the ketoOxyLH2 and enol-OxyLH2 forms (cf. Figure 2) , and does not uniquely pinpoint the ketoOxyLH2 ⇌ phenolate-keto-OxyLH -reaction.
Overall, while we believe that the results in Table 5 underline the predictive power of our approach, it was nonetheless decided to slightly alter the procedure by which the "final" estimates of the excited-state pK values of OxyLH2 were obtained. This alteration, which reduces the impact of computational errors such as that for the enolOxyLH2 ⇌ enolate-OxyLH -reaction, will be outlined in the next section.
Predicting the preferred chemical form of OxyLH2
Having validated the computational approach, we are now in position to predict the preferred chemical form of OxyLH2 in the excited state in aqueous solution from calculated pKE BH (S1) and pKa BH (S1) values. However, although we have reason to believe from the preceding benchmark calculations that these values, which are included in Table   S9 of the SI, offer a reliable description of the excited-state reactivity of OxyLH2, we will instead base our analysis on a set of excited-state pK values obtained in a different way (importantly, the resulting data and the data in Table S9 sustain the same exact conclusion on the identity of the preferred OxyLH2 species). Specifically, as alluded to in the previous section and as argued also by other authors, [19] 
Of course, this is a strictly empirical approach that requires that pK exp (S0) values are available for all keto-enol and acid-base equilibria of the OxyLH2 system, which is not the case (see Table 5 ). However, as described in Section 14 of the SI, it is straightforward to estimate the missing values from existing experimental data, [18] combined with an analysis of calculated pK BH (S0) values. These estimates are collected in Table S10 of the SI, and enable calculation of the pK BH,corr (S1) values presented in Figure   5 .
Considering first the keto-OxyLH2 ⇌ enol-OxyLH2 equilibrium (reaction I in Figure 5 ), the pKE BH,corr (S1) of ~5 is a clear indication that the keto-OxyLH2 form is much more stable than the enol-OxyLH2 form in the excited state. Accordingly, it seems unlikely that the latter form is populated in the excited state in aqueous solution. This situation is different from the situation in the ground state, where the pKE exp (S0) of -0.39 signals that the two forms are of similar stability. Indeed, for the ground state, there are both experimental [14, 18, 22, 83] and computational [31, 35] data for a variety of solvents from which the presence of enol-OxyLH2 can be inferred. (S1) of ~7 provides similarly strong support for phenolate-keto-OxyLH -also being dominant over phenolate-enol-OxyLH -in the excited state. Hence, out of the three mono-anionic forms, only phenolate-keto-OxyLH -looks to come into play.
At this stage, the search for the preferred chemical form of OxyLH2 in the excited state in aqueous solution is narrowed down to either of two species: the phenolate-ketoOxyLH -mono-anion or the OxyL 2-di-anion, which are connected by reaction VII in Figure 5 . Studying an OxyLH2 analogue (HOxyLH) in different solvents with timeresolved emission spectroscopy, this reaction, or more precisely keto-enol tautomerization of phenolate-keto-OxyLH -into phenolate-enol-OxyLH -and subsequent excited-state deprotonation, was recently implicated by Naumov and co-workers [14] as a route by which OxyL 2-becomes a potential key species for the in vivo emission. In contrast to this proposal, however, the pKa BH,corr (S1) of ~14 suggests that the excited-state equilibrium between phenolate-keto-OxyLH -and OxyL 2-is strongly shifted toward the former species. Hence, as far as intrinsic excited-state stability is concerned, the overall conclusion emerging from Figure 5 is that phenolate-keto-OxyLH -is the dominant species in aqueous solution, without significant contributions from the enolate-OxyLH -and OxyL 2-forms favored by the data of Naumov and co-workers. [14] Importantly, this conclusion, which was reached also in an earlier study employing the Förster equation and using a continuum solvation model-based description of the water solvent, [33] appears well-founded in that it is based on a series of comparisons between possible OxyLH2 forms for which the decisive pKE BH,corr (S1) and pKa BH,corr (S1) values exhibit margins of at least 5 pK units relative to the values (0 and 7, respectively) that allow for no discrimination at all between the forms.
While there is a discrepancy between the present results and the results of Naumov and co-workers [14] as to the importance of the enolate-OxyLH -and OxyL 2- forms, it may be noted that the pKa BH,corr (S1) values for the enol-OxyLH2 ⇌ phenolateenol-OxyLH -(~4, reaction V in Figure 5 ) and enol-OxyLH2 ⇌ enolate-OxyLH -(~3, reaction VI) equilibria support their proposal that the enolic hydroxyl group of enolOxyLH2 is a stronger photoacid than the phenolic hydroxyl group, which indicates that enolate-OxyLH -is favored over phenolate-enol-OxyLH -in the excited state. [14] Importantly, although this result has no immediate bearing on the excited-state stability of enolate-OxyLH -vs. phenolate-keto-OxyLH -, these authors were nonetheless able to suggest that the former species is favored over the latter, by observing that the keto form of the HOxyLH analogue can undergo excited-state tautomerization into the enol form in a non-polar basic environment. [14] The reason why this result is not supported by our calculations, yielding as we have seen a pKE BH,corr (S1) of ~6 for the phenolate-ketoOxyLH -⇌ enolate-OxyLH -equilibrium, is possibly related to the following observation.
Namely, assuming that phenolate-keto-OxyLH -benefits from having its negative charge distributed between the two oxygen atoms through resonance stabilization (cf. Figure 2 ), which would be in line with a mechanism put forward to explain why ascorbic acid is ~6
pK units more acidic than phenol, [84] it seems natural that the excited-state equilibria of the HOxyLH analogue are somewhat different than those of the "real" OxyLH2 system, simply because HOxyLH lacks one of the two proton-generating hydroxyl groups needed for such stabilization. At any rate, a more detailed investigation of this issue would require comparative calculations on the OxyLH2 and HOxyLH systems beyond the scope of the present paper.
As a further assessment of the present results in light of experimental findings, it may also be noted that OxyLH2 emits at around 550 nm in aqueous solution. [34] Given that it has been implicated that, in organic solvents, the phenolate-keto-OxyLH -form
should rather emit at around 600 nm, [23] it is difficult to reconcile with these experimental data our conclusion that phenolate-keto-OxyLH -is the dominant species in the excited state in aqueous solution, without invoking the occurrence of a sizable solvatochromic shift. Interestingly, however, such a shift has indeed been observed for the absorption spectra of phenolate-keto-OxyLH -isolated in vacuo and complexed with a single water molecule, which was found to induce a blue shift of approximately 50 nm. [17] Having predicted that the phenolate-keto-OxyLH -mono-anion is the preferred form of OxyLH2 in the excited state in aqueous solution, it would be of interest to investigate how the different bulk dielectric environment (hydrophobic rather than polar) offered by the firefly luciferase protein shifts the intrinsic excited-state equilibria of OxyLH2. Such calculations are feasible using hybrid quantum mechanics/molecular mechanics methods, [85] which would also be able to account for the effect of short-ranged specific interactions with the surrounding protein. Although an investigation along those lines is beyond the scope of this work, complementary calculations were nonetheless carried out to obtain estimates of the excited-state pK values of OxyLH2 in a less polar environment.
These complementary calculations were done in two steps. First, bulk dielectric effects on the results obtained in aqueous solution were assessed by calculating the excited-state pK values using the same exact OxyLH2 models as before, including 11 explicit water molecules, but with  in the SMD treatment lowered from 78.4 (water) to 4.24 (the value for diethylether). Indeed, in the interior of proteins, a value of around 4 is typically assumed. [86] In the second step, noting that the protein binding pocket would not be able to accommodate all of those 11 water molecules, the excited-state pK values were again calculated at  = 4.24, but with only 2 waters (one on either side of OxyLH2) and without any water molecule at all.
The results of these calculations are presented in Tables S11-S13 of the SI, we summarize an analysis of changes in bond lengths in the excited states relative to the ground states of the different forms that offers some insight into this issue. Namely, from these results it can be inferred that it is the excited state of phenolate-keto-OxyLH -that best maintains the stabilizing inter-ring conjugation present in the ground state of each form (cf. Figure 2 
Conclusions
We have calculated excited-state keto-enol and acid-base equilibrium constants connecting six neutral, mono-anionic and di-anionic forms of OxyLH2 in aqueous solution from a BH cycle using DFT methods in combination with a hybrid clustercontinuum approach to model solvent effects. Thereby, we have tried to establish whether any of these forms is intrinsically more stable in the excited state than the others, which would suggest a potential key role for such a form in the light emission of firefly.
First, from benchmark calculations on phenol, it is inferred that at least ten Third, validating our computational protocol relative to experimental reference data, it is demonstrated that both absorption maxima and ground-state pK values are accurately reproduced, but also emphasized that this in part is likely to be due to cancellation of errors. Specifically, calculated and experimental absorption shifts in aqueous solution between the six forms of the OxyLH2 system consistently agree to within 0.05 (keto-enol forms) and 0.12 eV (acid-base forms). Similarly, for two of the three OxyLH2 equilibria for which ground-state pK values have been measured experimentally, the corresponding calculated values are less than 1 pK unit larger.
Finally, using the validated computational protocol, it is predicted that the phenolate-keto-OxyLH -mono-anion is the preferred chemical form of OxyLH2 in the excited state in aqueous solution, and suggested that -albeit with a smaller margin to competing species -this is also the most stable species in a less polar bulk dielectric environment thought to resemble the environment afforded by the firefly luciferase protein.
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[a] All calculations carried out with the 6-31+G(d,p) basis set and six explicit water molecules. [b] Experimental values from Refs. 43 and 81. [a] All calculations carried out at the ωB97X-D/6-31+G(d,p) level of theory and with 11 explicit water molecules. The statistical analysis considers all keto-enol and acid-base equilibria of Figure 2 . Table 4 . Comparison of calculated and experimental absorption shifts for keto-enol and acid-base equilibria of OxyLH2 (in eV). [a] Absorption shift [b] Equilibrium reaction Type Calculated Exp.
[c] [a] Equilibrium reaction Type Calculated Exp. [b] keto-OxyLH2 ⇌ enol-OxyLH2 
